Abstract In this study, we provide further insight into the contribution of the smoothelin-like 1 (SMTNL1) calponin homology (CH)-domain on myosin light chain phosphatase (SMPP-1M) activity and smooth muscle contraction. SMTNL1 protein was shown to have inhibitory effects on SMPP-1M activity but not on myosin light chain kinase (MLCK) activity. Treatment of b-escin permeabilized rabbit, ileal smooth muscle with SMTNL1 had no effect on the time required to reach half-maximal force (t 1/2 ) during stimulation with pCa6.3 solution. The addition of recombinant SMTNL1 protein to permeabilized, smooth muscle strips caused a significant decrease in contractile force. While the calponin homology (CH)-domain was essential for maximal SMTNL1-associated relaxation, it alone did not cause significant changes in force. SMTNL1 was poorly dephosphorylated by PP-1C in the presence of the myosin targeting subunit (MYPT1), suggesting that phosphorylated SMTNL1 does not possess ''substrate trapping'' properties. Moreover, while full-length SMTNL1 could suppress SMPP-1M activity toward LC 20 in vitro, truncated SMTNL1 lacking the CH-domain was ineffective. In summary, our findings suggest an important role for the CH-domain in mediating the effects of SMTNL1 on smooth muscle contraction.
Introduction
Smoothelin-like 1 protein (SMTNL1), originally called CHASM (calponin homology-associated smooth muscle) [1] , shares significant sequence similarity with the smoothelin family of smooth muscle proteins. SMTNL1 was identified as a novel *60 kDa protein phosphorylated during 8-bromo-cGMP-induced relaxation of ileal smooth muscle [1] . It is now recognized that SMTNL1 expression is not limited strictly to smooth muscle; the protein is also expressed in type 2a striated muscle fibers [2] . SMTNL1 contributes to cAMP-/cGMP-mediated changes in contractility in both skeletal and smooth muscle. Cyclic nucleotides can relax smooth muscle without a comparable change in intracellular calcium levels ([Ca 2? ] i ) [3, 4] . This phenomenon, whereby a decrease in myosin regulatory light chain (LC 20 ) phosphorylation and subsequent force occurs without a proportionate decline in [Ca 2? ] i , is referred to as 'Ca 2? desensitization'. Our previous results demonstrated that cGMP and/or cAMP-activated kinases could mediate SMTNL1 phosphorylation in vitro, and mutation of Ser-301 to Ala completely abolished this phosphorylation [1] . Furthermore, SMTNL1 was phosphorylated in vivo on Ser-301 in response to adrenergic signals in both skeletal and smooth muscle [2] . Aortas from smtnl -/-mice exhibit enhanced vasorelaxation before exercise and greatly attenuated contractile responses to a-adrenergic agonists. Smtnl -/-mice also exhibited increased accumulation of type 2a skeletal muscle fibers before exercise training and better performance after forced endurance training [2] . Thus, the SMTNL1 protein is currently proposed to act as a physiological regulator of contractile activity, the activity of which can be modulated through cGMP/cAMP-mediated phosphorylation of Ser-301. SMTNL1 contains a highly conserved calponin homology (CH)-domain in the C-terminal portion of the protein [5] . CH-domains have been identified in a variety of cytoskeletal and signaling proteins that are known to play key regulatory roles in muscle contraction [6] [7] [8] . The SMTNL1 CH-domain could not mediate an interaction of the protein with F-actin in vitro [1] ; however, the domain was recently hypothesized to be an important modulator of SMTNL1 effects on myosin dephosphorylation by myosin phosphatase (SMPP-1M) [2] . In addition, the NMR solution structure of the SMTNL1 CH-domain was recently solved [5] . The SMTNL1 CH-domain can be distinguished from other CH-domains by a unique C-terminal tail that contains a calmodulin (CaM)-binding IQ-motif. In the present study, we provide further insight into the contribution of the SMTNL1 CH-domain to the effects of the protein on smooth muscle contraction.
Experimental procedures
Plasmid generation and bacterial expression of smoothelin-like 1 constructs
The full-length human smoothelin-like 1 (SMTNL1) cDNA was generated from I.M.A.G.E. clone 3593616 as previously described [1] . Constructs encoding SMTNL1 variants were produced by amplification of fragments with standard PCR techniques and primers designed to introduce proper restriction sites for subcloning. Fragments of SMTNL1 encoding either the carboxyl-terminal CH-domain of SMTNL1 (SMTNL1-CH; aa 346-459) or a truncated SMTNL1 protein that lacked the CH-domain (SMTNL1-DCH; aa 1-346) were subcloned into BamHI/NotI sites of the pGEX-6P1 vector (GE Healthcare). All constructs were verified by DNA sequencing. Recombinant proteins were produced in E. coli (DE3). GST-fusion proteins were isolated using glutathione-Sepharose 4B. In some cases, GST-fusion proteins were cleaved 'on-column' by treatment with PreScission Protease as described by the manufacturer (GE Healthcare). Proteins used for experiments with isolated smooth muscle were exchanged into 30 mM PIPES, pH 7.1, 165 mM potassium methane sulfonate, and 5 mM magnesium sulfonate and concentrated with an Amicon centrifugal filter (Millipore).
Muscle tension experiments in isolated rabbit ileum Muscle strips (3 mm 9 250 lM) of rabbit longitudinal ileal smooth muscle were attached to a force transducer (SensorOne AE801, Sausalito, CA) with monofilament surgical silk and stretched to 1.39 resting length [9] . The strips were immersed in a small well on a stir plate and equilibrated for 30 min in normal extracellular solution (NES To determine whether the SMTNL1-induced desensitization to Ca 2? was mediated by inhibition of MLCK or stimulation of SMPP-1M activity, we measured the effect of SMTNL1 on the rate of contraction in b-escin permeabilized rabbit ileum smooth muscle in which SMPP-1M activity was blocked. ATPcS was used as a substrate, because LC 20 thiophosphorylation resists dephosphorylation [10, 11] . Ileal smooth muscle strips were incubated at 15°C in Ca 2? -free, ATP-free solution (G10 0 ) for 20 min to deplete endogenous ATP. The strips were then transferred to ATP-free pCa6.2 (pCa6.2 0 ) solution with or without SMTNL1 (10 lM) for 5 min. Subsequently, contraction was initiated by addition of ATPcS (2 mM). The rate of contraction was estimated by analyzing the time required for the muscle tension to increase by 50% of maximum (t 1/2 ). The force levels obtained upon addition of ATPcS and at the plateau of contraction were designated as 0 and 100%, respectively. LC 20 kinase and phosphatase assays Purified, smooth muscle MLCK (2.5 ng) was assayed against chicken gizzard LC 20 (0.1 mg) in a buffer containing 25 mM HEPES, pH 7.5, 25 mM MgCl 2 , 2 mM CaCl 2 , 5 lM calmodulin, 10 lM microcystin, 1 mM DTT, 0.5 mM [c -32 P]-ATP (20,000 cpm/nmol) with increasing concentrations of SMTNL1. LC 20 phosphorylation was measured by terminating the kinase reactions with ice-cold 25 % (w/v) trichloroacetic acid; BSA was added as a carrier protein, and the reactions were centrifuged to precipitate the proteins. After the pellets were washed extensively, 32 P incorporation onto LC 20 was measured by scintillation counting.
Two substrate proteins were used for SMPP-1M assays: chicken gizzard LC 20 and recombinant SMTNL1. Radiolabeled, phospho-LC 20 (2 mg) was generated in a buffer containing 25 mM HEPES, pH 7.5, 2.5 mM MgCl 2 , 2 mM CaCl 2 , 5 lM calmodulin, 0.1 mg MLCK, 10 lM microcystin, 1 mM DTT, and 0.5 mM [c -32 P]ATP (0.2 mCi). Recombinant GST-SMTNL1 (1 mg) was phosphorylated with PKA catalytic subunit (3 lg) in a buffer containing 25 mM HEPES, pH 7.5, 2.5 mM MgCl 2 , 10 lM microcystin, 1 mM DTT and 0.5 mM [c -32 P]ATP (0.2 mCi). Unincorporated [c -32 P]ATP was removed by extensive dialysis against 25 mM Tris, pH 7.5, 1 mM EDTA, and 1 mM DTT. Phosphatase assays were carried out as previously described [12] . Assay components included 0.4 nmol purified PP-1C (rabbit skeletal muscle) in the presence or absence of 1 nmol recombinant MYPT1 (chicken; M130 isoform).
Statistics
All values are means ± standard error of the mean (S.E.M.) unless otherwise indicated. The Student's t-test was used to determine statistical significance with P \ 0.05 considered to be significant.
Results

Relaxation of Ca 2? -induced tension by recombinant SMTNL1 proteins
We have previously shown that full-length, recombinant SMTNL1 protein can induce a concentration-dependent relaxation of contractile tension under submaximal calcium levels (i.e., pCa 6.3) [1] . Recombinant proteins were generated ( Fig. 1) to test the functional relevance of the CHdomain on the effects of SMTNL1 on muscle contractility. As shown in Fig. 2 , the addition of SMTNL1-DCH protein (10 lM) that lacks the carboxy-terminal CH-domain induced a relaxation of 7.7 ± 3.5% (n = 4), a value nearly 70% less than the relaxation evoked by the full-length SMTNL1-WT protein, 25.4 ± 3.0% (n = 9). To determine whether the CH-domain alone was sufficient to evoke Ca 2? -desensitization of contractile force, a recombinant protein consisting only of the calponin homology domain from SMTNL1 was generated. The 13 kDa, SMTNL1-CH protein elicited a 10.0 ± 1.5% (n = 10) reduction in contractile force generated by pCa 6.3 solution.
SMTNL1 effects on MLCK and SMPP-1M activities Ca 2? desensitization elicited by SMTNL1 in permeabilized smooth muscle strips could result from MLCK inhibition or SMPP-1M activation. We determined the rate of contraction upon administration of ATPcS since LC 20 thiophosphorylation resists dephosphorylation by SMPP-1M [13] . Treatment with SMTNL1 had no effect on the time course of smooth muscle contraction. There was no difference in the time required to reach half-maximal force (t 1/2 ) when b-escin permeabilized ileal strips were incubated in the presence or absence of SMTNL1-WT protein, 1.5 ± 0.15 min versus 1.4 ± 0.04 min, respectively (Fig. 3a) . These data suggest that SMTNL1-induced Ca 2? desensitization was not mediated through an inhibition of MLCK activity. Moreover, when purified MLCK was assayed in vitro with increasing amounts of SMTNL1 (0-20 lM), no effect on the rate of LC 20 phosphorylation was observed (Fig. 3b) .
The effect of SMTNL1 on SMPP-1M activity was also investigated under in vitro conditions. PP-1C and SMPP-1M activity were measured using phosphorylated LC 20 as a substrate. The addition of GST-SMTNL1 had a small positive effect on the activity of PP-1C toward phosphorylated LC 20 (Fig. 4a) . The effect of GST-SMTNL1 on SMPP-1M (PP-1C and MYPT1 combined in 0.4:1 molar mixture) was also measured using phosphorylated LC 20 as a substrate. GST-SMTNL1 inhibited SMPP-1M activity in a concentration-dependent manner (Fig. 4b) . Approximately, 55% of the SMPP-1M activity was inhibited with addition of 2.5 lM GST-SMTNL1. Further increases in GST-SMTNL1 (up to 20 lM) resulted in 75% inhibition of SMPP-1M activity. The addition of filtrate solution had no effect on PP-1C or SMPP-1M activity.
To eliminate the possibility that the effects of GST-SMTNL1 were due to the GST moiety, SMPP-1M activity was also assayed in the presence of Precission Proteasecleaved SMTNL1 proteins to further verify that the effects of GST-SMTNL1 were SMTNL1-induced. Indeed, we observed that the GST moiety had a positive influence on SMPP-1M activity toward phosphorylated LC 20 (Fig. 4c) . The effect of SMTNL1-WT, SMTNL1-DCH or SMTNL1-CH on SMPP-1M activity was measured. While SMTNL1-WT still retained its inhibitory potential toward SMPP-1M, neither SMTNL1-DCH nor SMTNL1-C proteins were able to inhibit SMPP-1M in vitro. The inhibitory effects of various SMTNL1 proteins on SMPP-1M activity are summarized in Fig. 4c .
The possibility that phosphorylated SMTNL1 might be a substrate for SMPP-1M and/or PP-1C was investigated. The activities of PP-1C and SMPP-1M (PP-1C with MYPT1 targeting subunit) were monitored in vitro using phosphorylated 32 P-SMTNL1-WT and phosphorylated 32 P-LC 20 for comparison. Consistent with previously published data [2] , PP-1C in the absence of the MYPT1 targeting protein displayed low phosphatase activity toward phosphorylated LC 20 (Fig. 5a ). The addition of MYPT1 protein enhanced the ability of PP-1C to dephosphorylate LC 20 . PP-1C could dephosphorylate 32 P-labeled SMTNL1-WT protein (Fig. 5b) ; however, the activity of PP-1C toward SMTNL1 was slightly less than that observed for 32 P-labeled LC 20 . The addition of MYPT1 significantly reduced the PP-1C phosphatase activity toward 32 P-labeled SMTNL1-WT.
Discussion
Ca 2? desensitization and smooth muscle relaxation result from inhibition of myosin light chain kinase (MLCK) or activation of myosin light chain phosphatase (SMPP-1M) [3] . Cyclic nucleotide-induced phosphorylation and the inhibition of MLCK were originally proposed to promote Ca 2? desensitization. MLCK phosphorylation was associated with a decrease in calmodulin-binding affinity that in Fig. 2 Relaxation of rabbit ileum by various SMTNL1 proteins. b-escin permeabilized rabbit ileum smooth muscle strips were contracted by addition of submaximal calcium solution (pCa 6.3). Relaxant responses to PreScission Protease-cleaved SMNTL1 proteins were recorded. SMTNL1-WT (a), SMTNL1-DCH (b) and SMTNL1-CH (c) proteins (10 lM) were added at the plateau of contraction. Data is representative of at least four experiments for each SMTNL1 variant. In (d), a summary of relaxation induced by SMTNL1 protein variants is presented. Percent relaxation is calculated from the plateau of the pCa 6.3 contraction. Data are means ± S.E.M. for n = 4-9 separate experiments. * Significantly different from relaxation in the presence of SMTNL1-WT protein (P \ 0.005) turn leads to a reduction in MLCK activity. However, observations that 8-Br-cGMP could accelerate dephosphorylation of LC 20 when MLCK activity was inhibited demonstrated that enhancement of SMPP-1M activity was responsible for cyclic nucleotide-induced Ca 2? desensitization [10, 13] . Indirect mechanisms that involve accessory proteins can contribute to the regulation of SMPP-1M activity and smooth muscle relaxation. For example, roles for HSP20 [14] , telokin [15] as well as SMTNL1 [1, 2] in the regulation of LC 20 dephosphorylation by SMPP-1M and Ca 2? desensitization have been identified. In the present study, SMTNL1 did not have any effect on MLCK-dependent phosphorylation of LC 20 in vitro, nor did SMTNL1 cause a reduction in the rate of ATPcS-induced smooth muscle contraction. The latter event would be expected if MLCK-mediated LC 20 phosphorylation was inhibited by SMTNL1 in smooth muscle. Our in vitro experiments may lack important regulatory components that are present within the permeabilized smooth muscle system. In situ experiments within permeabilized smooth muscle strips might also be influenced by the loss of SMTNL1-binding proteins or other regulatory proteins. Regardless of these issues, our results currently implicate a mechanism of contractile regulation that excludes SMTNL1 effects on MLCK. It appears that the primary effect of SMTNL1 on muscle contraction is through the regulation of SMPP-1M activity and myosin dephosphorylation.
It may be difficult to reconcile our findings that demonstrate SMTNL1-dependent relaxation of smooth muscle in situ and inhibition of SMPP-1M activity in vitro. One would expect that SMTNL1 would activate isolated SMPP-1M activity in biochemical experiments since the protein is able to relax isolated, permeabilized muscle strips. However, it is possible that cGMP-mediated phosphorylation of SMTNL1 alters its localization in the cell. Ultimately, if phosphorylated SMTNL1 was no longer present at the contractile apparatus, its inhibitory effects on SMPP-1M activity would be relieved and muscle relaxation could occur. The influence of phosphorylation on the cellular localization of SMTNL1, as well as its interaction with other proteins, will be required to address this possibility. Some cGMP-dependent phosphorylation events that relieve inhibitory potential have been previously identified in the regulation of smooth muscle contraction. For example, cGMP-dependent protein kinase (PKG) can directly phosphorylate the myosin phosphatase targeting subunit (MYPT1) of SMPP-1M, not to alter its activity toward phosphorylated LC 20 but to prevent subsequent inhibition of SMPP-1M by zipper-interacting protein kinase and Rhoassociated protein kinase [16, 17] .
A key regulatory determinant of SMTNL1 action appears to be its phosphorylation at Ser-301 [1, 2] . It has been shown that the phosphorylation of SMTNL1 can inhibit SMPP-1M activity toward whole smooth muscle myosin [2] . This study by Wooldridge et al. also reported that SMTNL1 had no effect on purified, pig bladder SMPP-1M activity toward LC 20 under in vitro conditions. Data presented in the present study suggest that there is some in vitro activity toward LC 20 by an SMPP-1M complex containing PP-1C and chicken gizzard M130 MYPT1 isoform. The differences in the results may depend on the nature of the SMPP-1M holoenzyme used in the two Additional experiments in this study demonstrated that radiolabeled 32 P-SMTNL1 was not a viable in vitro substrate for SMPP-1M; therefore, it would appear that SMTNL1 effects on myosin dephosphorylation do not occur through a direct inhibition of SMPP-1M activity. SMTNL1 apparently alters the diphosphorylation potential of myosin through interactions with the substrate protein itself and not SMPP-1M.
SMTNL1 effects on muscle contractility may be mediated through its interactions with the contractile filament. SMTNL1 contains a single type-2 CH-domain at the C-terminus that shares sequence identity with the smoothelin family of smooth muscle specific proteins. CH-domains are present in a number of actin-binding proteins [8] , but it is still unclear if the CH-domain is integral for the association of smoothelin proteins with actin filaments [18, 19] . While we have already concluded that the CH-domain of SMTNL1 does not allow for associations with F-actin in vitro [1] , the domain could act as a platform for interactions with other contractile proteins. For example, our recent structural analysis of the CH-domain of SMTNL1 uncovered the presence of an IQ-motif that imparts a unique apo-CaM-binding mode [5] . However, the equilibrium Ca 2? -binding constants for apo-CaM were unaltered in the presence of the SMTNL1 CH-domain (J. Gifford, H. Vogel and J. MacDonald unpublished data). While SMTNL1 has been hypothesized to act as a targeting protein in localizing apo-CaM to a discrete cellular compartment, it appears that the protein may not serve to dampen MLCK activity and contractile force by altering the muscle response to local changes in [Ca 2? ]. The precise physiological role of the SMTNL1-CaM interaction and the effect of Ser-301 phosphorylation remain to be defined. Certainly, CaM-binding might influence the phosphorylation efficiency of SMTNL1, or alternatively, SMTNL1 phosphorylation may influence the CaM binding efficiency or Ca 2? association and/or dissociation of CaM. Moreover, it is possible that the CHdomain is required for the formation of SMTNL1 complexes with other proteins.
Based on the biochemical analyses and contractile responses obtained from our investigation of SMTNL1 variants, we can conclude that the CH-domain of SMTNL1 is required for maximal action in smooth muscle. Addition of recombinant SMTNL1-DCH was not sufficient for maximal Ca 2? desensitization, rather the full-length SMTNL1 protein was required. The importance of the CHdomain was also demonstrated in the ability of the various SMTNL1 proteins to inhibit SMPP-1M activity; only fulllength SMTNL1 could retard phosphatase activity. Future studies might focus on selective mutation of residues within the CH-domain (e.g., the IQ-motif) to determine if this portion of SMTNL1 has specific effects on contractile activity. It has been reported that CH-domains can interface with a variety of proteins involved in cytoskeletal dynamics and/or signal transduction [8] , and the CHdomain of SMTNL1 may enable an interaction with SMPP-1 M or other contractile proteins to permit the regulation of LC 20 dephosphorylation in smooth muscle. Future experiments will also necessitate the use of intact models of muscle to examine the functional role of various SMTNL1 domains. Such experiments could rely on the introduction of plasmids encoding SMTNL1 variants by reversible permeabilization followed by tissue incubation to allow for expression of the proteins [20] . 
